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Normal rabbit lymphocytes can be infected with HIV-1 although infection is much less efficient than in human lymphocytes.
When peripheral blood mononuclear cells (PBMC) from rabbits transgenic for human CD4 (HuCD4) were exposed to HIV-
1, enhanced infection and a rapid depletion of lymphocytes were observed. Cell death in the infected cultures occurred via
apoptosis, but no similar effect was seen in nontransgenic rabbit PBMC cultures. Induction of apoptosis in HuCD4-expressing
cells required virus replication; heat-inactivated virus or recombinant viral proteins had no effect on cell viability. Expression
of the Fas antigen was increased in HIV-1-infected CD4/ rabbit lymphocytes. Characterization of the infected PBMC cultures
revealed that apoptosis occurs both in HuCD4/ and HuCD40 cells, indicating that bystander cells are killed. These data
define a requirement for HuCD4 in initiation, but not the spread, of HIV-1-induced apoptosis in rabbit PBMC and provide a
model to probe mechanisms leading to lymphocyte depletion in HIV-1 infection. q 1995 Academic Press, Inc.
INTRODUCTION on lymphocytes from HuCD4 transgenic and non-
transgenic rabbits. The transgenic rabbit lymphocytes
Acquired immunodeficiency syndrome (AIDS) is char-
support HIV-1 infection and are highly susceptible to HIV-
acterized by a progressive depletion of CD4/ T cell
1-mediated apoptosis. Lymphocytes from nontransgenic
helper lymphocytes (Fauci, 1988; McCune, 1991). CD4/
rabbits do not undergo HIV-1-induced apoptosis, al-
cells are the primary target of HIV-1 infection because
though they support a low-level HIV infection. Although
of a high-affinity interaction between the HIV-1 envelope
the data indicate a requirement for HIV-1 infection in the
protein gp120 and the human CD4 molecule (Sattentau
rapid apoptosis of CD4/ cells, killing of CD40 cells in the
and Weiss, 1988). Recent reports suggest that apoptosis
infected cultures suggests that, once initiated, apoptosis
is a means by which HIV-1 induces CD4 T cell depletion
affects other cells as well.
(Ameisen and Capron, 1991; Meyaard et al., 1991;
Gougeon et al., 1993). The mechanisms leading to HIV-
MATERIALS AND METHODS
1-mediated apoptosis remain undefined. Proposed ex-
planations include the interaction of viral envelope pro- Cells and virus
teins with the CD4 molecule (Banda et al., 1992; Koga et
The experiments were performed with the Lai strain of
al., 1994).
HIV-1 (ABI Inc., Columbia, MD). Titers determined using
The laboratory rabbit can be infected with HIV-1 (Filice
human A3.01 cells as target indicated that stock virus
et al., 1988; Kulaga et al., 1989; Reina et al., 1993) but
contained 107 50% tissue culture infectious doses
rabbit cell lines do not replicate virus as efficiently as
(TCID50 ) per milliliter. Virus was inactivated by heatinghuman cells. Studies indicating that rabbit cells express-
at 567 for 45 min.
ing human CD4 (HuCD4) are more susceptible to HIV-
All rabbits used in this study were from the same litter
1 infection (Yamamura et al., 1991; Hague et al., 1992)
that included three animals that express HuCD4 and two
prompted development of transgenic rabbits expressing
littermates negative for the transgene. Peripheral blood
human CD4 (Snyder et al., 1995). These rabbits offer
mononuclear cells (PBMC) were isolated from heparin-
a means to assess the role of CD4 in HIV-1-mediated
ized rabbit blood as previously described (Snyder et al.,
cytopathicity.
1995), treated for 24 hr with 3 mg/ml of PHA-P (Pharmacia
The present report compares in vitro effects of HIV-1
Inc., Piscataway, NJ) in the presence of 100 U/ml of re-
combinant human IL-2, and cultured in RPMI medium
1 A preliminary report of this work was presented at the Second (GIBCO, Gaithersburg, MD) supplemented with 100 U/
National conference on Human Retroviruses and Related Infections,
ml recombinant human IL-2 (Biosource Intl., WestlakeWashington, DC, January 29–February 2, 1995.
Village, CA), 10% FBS, 5mM L-glutamine, 100 U/ml peni-2 To whom correspondence and reprint requests should be ad-
dressed. Fax: (301) 402–0259. E-mail: TK9c@nih.gov. cillin, and 50 U/ml streptomycin. RAJI cells were obtained
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from American Type Culture Collection (Rockville, MD) cells were harvested and thymidine incorporation was
measured by liquid scintillation counting. Data reportedand Sp2.0 cells were a kind gift from Dr. R. A. Goldsby
(Amherst College, MA). Virus infections were performed are percentage inhibition of proliferation calculated as
ratio of [3H]thymidine incorporation in presence of me-as previously described (Hague et al., 1992).
dium alone minus incorporation in presence of HIV di-
Assays for HIV infection and cytopathic effects vided by incorporation in medium and multiplied by 100.
Cell viability was monitored by the trypan blue exclu-
RESULTS AND DISCUSSIONsion method. HIV antigen expression was monitored by
determination of HIV p24 in supernatants by ELISA Apoptosis in HIV-1-infected rabbit lymphocytes
(Coulter, Hialeah, FL) or by indirect immunofluorescence expressing HuCD4
using a 1:100 dilution of mouse anti-gp120 (Intracel, Cam-
bridge, MA) and a 1:20 dilution of FITC-conjugated anti- HuCD4 transgenic rabbits were shown to coexpress
mouse immunoglobulin (Boehringer, Indianapolis, IN). HuCD4 on thymic and peripheral blood lymphocytes ex-
After fixation in 1% paraformaldehyde for 10 min, cells pressing RbCD4. PBMC from transgenics produced sig-
were washed with PBS and analyzed on a FACScan (Bec- nificantly more p24 gag protein upon HIV-1 infection than
ton–Dickinson, Mountain View, CA) using Lysis II soft- did PBMC from nontransgenic littermates (Snyder et al.,
ware. 1995). HIV-1 infection and HIV-1-induced cell killing was
monitored in cultures of PBMC from HuCD4 transgenic
Detection of apoptosis and nontransgenic rabbits infected using HIVLai . Indirect
immunofluorescence was used to detect gp120-positiveTransmission electron microscopy and DNA fragmen-
cells. By 2 days postinfection, the percentage of cellstation assays were performed as described (Leno et al.,
positive for HIV-1 was significantly higher in the infected1995). Two-color flow cytometry was used to identify cells
HuCD4 transgenic PBMC cultures (25%) than in PBMCundergoing apoptosis. In brief, PBMC were reacted with
from nontransgenic rabbits, where only 4% were positiveFITC-conjugated antibody to human CD4 (Leu 0 3a /
(not shown). Cell viability in HIV-infected HuCD4/ PBMC3b; Becton–Dickinson, San Jose, CA) and apoptotic cells
cultures dropped rapidly, whereas HIV-1-infected cul-were identified by exposure to 1 mg/ml ethidium bromide
tures from nontransgenic rabbits exhibited viability simi-(EtBr) (Sigma, St Louis, MO) for 30 min at 47 (Leno et
lar to that of control cultures up to 10 days postinfectional., 1995). Cells were washed in PBS and fixed in 1%
(Fig. 1A). The HIV-1-infected lymphocytes from HuCD4paraformaldehyde. For the analysis of the correlation be-
transgenic rabbits undergoing HIV-1-mediated cyto-tween infection and apoptosis, cells were exposed to
pathic effects showed little evidence for syncytium forma-EtBr, washed five times in PBS, fixed in 4% paraformalde-
tion (not shown).hyde, and incubated 30 min at 47 with a 1:100 dilution
Apoptosis was established as the mechanism of HIV-of mouse anti-p24 (Intracel, Cambridge, MA) or isotype-
mediated lymphocyte death in HuCD4 transgenic rabbitmatched antibody. Cells were then washed with PBS,
lymphocytes. When genomic DNA samples from HIV-1-incubated with FITC-conjugated anti-mouse Immuno-
infected PBMC were examined for fragmentation, DNAglobulin (Boehringer, Indianapolis, IN) for 45 min at 47,
ladders characteristic of apoptosis were observed inand washed.
samples from HuCD4 transgenic PBMC, but not those
from cultures of nontransgenic PBMC or from controlTransfection and HIV-1 infection of cell lines
cultures (Fig. 1B). Further evidence that apoptosis was
Raji and Sp2.0 cells were stably transfected with the mechanism of cell death was provided by transmis-
HuCD4 or RbCD4 as described (Hague et al., 1992). Ex- sion electron micrographs showing the presence of
pression of CD4 was assessed by flow cytometric analy- apoptotic cells (characterized by hypercondensation of
sis using mAb directed against rabbit CD4 (Ken-4; Spring chromatin and vacuolization) in cultures of HIV-1-infected
Valley Laboratories, Woodbine, MD) or human CD4 (Leu PBMC from a HuCD4 transgenic rabbit (Fig. 1C). In addi-
3a/3b; Becton–Dickinson, San Jose, CA). Transfectants tion, flow cytometric analyses using the EtBr technique
and parent cell lines were infected with HIV-1 at an m.o.i. (Leno et al., 1995) showed that by Day 2 postinfection,
of 0.1 and, after 2 hr at 377, diluted to a density of 106 per the number of EtBr-positive cells in HIV-1-infected cul-
milliliter. The next day, cells were washed three times, tures from HuCD4 transgenic rabbits was markedly
resuspended at 51 105 per milliliter in complete medium, higher than those in similar cultures from nontransgenic
and 100-ml aliquots added in quadruplicate along with rabbits (not shown).
100 ml medium to round-bottomed microculture plates.
[3H]Thymidine (1 mCi/well; sp act, 6.7 Ci/mmol; Dupont – Infection is required for induction of apoptosis
NEN, Boston, MA) was added on Day 2. After 18 hr, 10
ml of cell suspension was centrifuged and supernatants To determine whether the HIV-mediated apoptosis re-
quired productive infection as opposed to interaction be-were taken for HIV p24 determination. The remaining
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cells and exogenous viral envelope proteins is not suffi-
cient to initiate apoptosis.
Correlation of HIV-1 infection with apoptosis was
shown by two-color flow cytometric analysis of HIV-1-
infected rabbit PBMC using EtBr to reveal apoptotic cells
and anti-p24 to indicate those infected with HIV-1. These
analyses showed correlation between apoptosis and ex-
pression of p24 in the HuCD4/ PBMC cultures (Fig. 2A).
Further analyses of the apoptotic cell population was
obtained by staining cells simultaneously with EtBr and
with a monoclonal antibody directed against HuCD4.
Flow cytometric analysis reveals that a high percentage
of the CD4/ cell population was EtBr positive (Fig. 2C)
in HIV-1-infected PBMC from HuCD4 transgenic rabbit.
The number of EtBr-positive cells in HIV-1-infected PBMC
FIG. 1. HIV-1 infection of HuCD4/ rabbit PBMC induces death by
apoptosis. (A) PBMC from HuCD4 transgenic rabbit were infected with
HIV (closed squares) or were mock infected (open squares). PBMC
from nontransgenic rabbit were infected with HIV (closed circles) or
were mock infected (open circles). The bars represent SD of duplicate
measurements of cell viability determined by trypan blue exclusion. (B)
DNA fragmentation in HIV-1-infected PBMC from HuCD4 transgenic
and nontransgenic rabbits. DNA was extracted from PBMC from a
HuCD4 transgenic rabbit cultured in medium alone (lane 2) or infected
with HIV-1 (lane 3). Control samples included DNA from PBMC from a
nontransgenic rabbit cultured in medium alone (lane 4) or infected with
HIV-1 (lane 5). Lane 1 contains size markers. Samples were subjected
to electrophoresis in agarose, stained with EtBr, and visualized by UV
light. (C) Electron microscopic examination of HIV-1-infected PBMC
from a HuCD4 transgenic rabbit. Left: Cells showing chromatin conden-
sation and vacuolization characteristic of apoptosis are designated by
arrows. Right: Higher magnification of apoptotic lymphocyte.
tween virus proteins and cell surface structures, heat-
inactivated HIV-1 was monitored for its ability to kill lym-
phocytes from HuCD4 transgenic rabbits. Following heat-
ing at 567 for 45 min, the TCID50 of the virus stock dropped
from 107 to less than 101, as measured by infection of
human A3.01 cells. The heat-inactivated HIV-1 had no
cytopathic effect on PBMC from HuCD4 transgenic, nor
as expected, on those from nontransgenic rabbits. Heat-
inactivated virus was shown by indirect immunofluores-
FIG. 2. Analyses of cell populations undergoing apoptosis. (A) Dual-cence to bind to cell lines expressing surface HuCD4
flow cytometric analysis for apoptosis and production of p24 gag. PBMC
(Sp2.0 cells transfected with HuCD4, see below, Fig. 3A) from nontransgenic (left) or HuCD4 transgenic (right) rabbits were in-
as well as did the virus prior to heat treatment (not fected with HIV-1. After 2 days, cells were stained with EtBr and with
mAb to HIV-1 p24 and analyzed by flow cytometry. (B–E) PBMC fromshown). In further experiments, addition of recombinant
HuCD4 transgenic (B, C) or nontransgenic (D, E) rabbits were culturedHIV-1 envelope proteins (gp160 or gp120) to cultures of
in medium alone (B, D) or infected with HIV-1 (C,E). At 2 days postinfec-PHA-activated PBMC from HuCD4 transgenic or non- tion, cells were reacted with mAb to HuCD4 and with EtBr and analyzed
transgenic rabbit had no effect on cell viability. Taken by flow cytometry. Cells cultured in medium alone at 47 were used as
negative control for EtBr staining.together, these results indicate that interaction between
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flow cytometric analyses to specifically express HuCD4
or RbCD4 (Fig. 3A). When the transfectants and their
parental cell lines were infected with HIV-1, significant
loss of viability and high p24 levels were seen only in
cultures of HIV-1-infected HuCD4 transfected Raji (Fig.
3B). In contrast, RbCD4 transfected Raji, HuCD4 or
RbCD4 transfected Sp2.0, and their parental cell lines
were neither permissive to HIV-1 infection nor suscepti-
ble to HIV-1-mediated cell killing (Fig. 3B). SP2.0 cells
transfected with HuCD4 bind HIV-1 with high efficency
(Snyder et al., 1995).
Upregulation of Fas and IL-2ra in cells undergoing
apoptosis
Expression of several cell surface markers on infected
cultures was monitored to determine the possibility that
HIV-1 may differentially activate PBMC from HuCD4
transgenic and nontransgenic rabbits. Expression of
CD25 (the a chain of the IL-2 receptor), MHC class II,
and Fas antigen were monitored in cultures of HIV-1-
infected and mock infected PBMC from HuCD4
transgenic and nontransgenic rabbits (Table 1). Expres-
sion of CD25 and Fas antigen increased in HIV-1-infected
PBMC from HuCD4 transgenic rabbit. A slight increase
FIG. 3. HIV infection and cytopathicity of Raji and Sp2.0 cells, in expression of MHC class II antigen was seen as well.
transfected with either human or rabbit CD4. (A) Flow cytometric analy- In contrast, HIV-1 infection had little or no effect on the
sis of human or rabbit CD4 expression by stably transfected Raji and
expression of these markers on nontransgenic rabbitSp2.0 cells. Analyses of transfectants and parent lines were carried
lymphocytes. The involvement of these cell surface anti-out with FITC-conjugated mAb to human or rabbit CD4. (B) HIV-1 infec-
tion and cytopathicity. Transfectants and parent cell lines were infected gens in the process of HIV-induced cell death in vitro is
with HIV-1 or incubated in medium alone. After 2 days, [3H]thymidine consistent with observations that T lymphocytes express-
was added to cultures and cells were counted after 18 hr. Data are ing activation markers have severely decreased prolifer-
reported as inhibition of [3H]thymidine uptake in presence of HIV-1
ative responses in culture (Pantaleo et al., 1990). In fact,versus medium alone. HIV-1 p24 levels in supernatants were deter-
the apoptosis-related Fas antigen is known to be ex-mined by ELISA.
pressed on activated T cells, and interaction of Fas with
its ligand has been shown to induce selective killing of
from nontransgenic rabbit was relatively low (Fig. 2E). chronically HIV-infected cells (Kobayashi et al., 1990).
The observation that some EtBr/ cells were HuCD40 (Fig. In conclusion, this report indicates that expression of
2C) is consistent with the previous reports suggesting HuCD4 enhances HIV infection of rabbit PBMC and
that ‘‘innocent bystander’’ cells could be susceptible to has an even more profound effect on HIV-mediated
HIV-1-mediated cytopathic effects (Banda et al., 1992). apoptosis. Relevance of this observation to HIV-1-in-
While it is possible that CD4 is downregulated in the
infected cells, the fact that the percentage of cells under-
TABLE 1going apoptosis is always greater than the percentage of
input CD4/ cells in the cultures indicates that apoptosis Expression of Cell Surface Antigens on HIV-1-Infected and Mock-
occurs in CD40 cells. The death of CD40 cells may occur Infected PBMC from HuCD4 Transgenic and Nontransgenic Rabbits
as a consequence of immune stimulation (Estaquier et
Nontransgenic HuCD4 transgenical., 1994), production of toxic factors such as tat by HIV-
1-infected cells (Li et al., 1995), or faulty cytokine produc-
Antigen Mediuma HIV-1 Medium HIV-1
tion by apoptotic CD4/ T cells (Clerici et al., 1993). This
finding of apoptosis in CD40 cells is not inconsistent CD25 78b 60 75 138
MHCII 1245 1166 938 1334with a requirement for infection in the initiation of the
Fas 115 103 211 405apoptosis process.
Human and mouse cell lines expressing HuCD4 were a PBMC were activated with PHA and incubated in complete medium
used to demonstrate further the correlation between HIV or infected with HIV-1 and cultured for 2 days at 377.
infection and apoptosis. Raji and Sp2.0 cells were b Values represent mean fluorescence intensities of cells reacted
with the indicated antibodies and analyzed by flow cytometry.transfected with either HuCD4 or RbCD4 and shown by
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grammed cell death in AIDS-related HIV and SIV infections. AIDSduced disease is indicated by reported correlations be-
Res. Hum. Retroviruses 9, 553–563.tween lymphocyte apoptosis and development of AIDS
Hague, B. F., Sawasdikosol, S., Brown, T. J., Lee, K., Recker, D. P., and
(Estaquier et al., 1994). Apoptosis has been documented Kindt, T. J. (1992). CD4 and its role in HIV-1 infection of rabbit cell
in various animal models of AIDS, including macaques lines. Proc. Natl. Acad. Sci. USA 89, 7963–7967.
Kobayashi, N., Hamamoto, N., Yamamoto, N., Ishii, A., Yonehara, M.,infected with a pathogenic strain of simian immunodefi-
and Yonehara, S. (1990). Anti-Fas monoclonal antibody is cytocidalciency virus (Gougeon et al., 1993). By contrast, HIV-
to human immunodeficiency virus-infected cells without augmenting1-infected chimpanzees and SIV-infected african green viral replication. Proc. Natl. Acad. Sci. USA 87, 9620–9624.
monkeys, in which no apoptosis is observed, do not de- Koga, Y., Nakamura, K., Sasaki, M., Kimura G., and Nomoto, K. (1994).
The differences in gp160 and gp120 of HIV type 1 in the inductionvelop AIDS-like symptoms. Accordingly, the observation
of CD4 downregulation preceding single-cell killing. Virology 201,of in vitro HIV-mediated apoptosis in rabbit lymphocytes
137–141.bearing the HuCD4 molecule opens the possibility that
Kulaga, H., Folks, T., Rutledge, R., Truckenmiller, M. E., Gugel, E., and
in vivo HIV infection of HuCD4 transgenic rabbit could Kindt, T. J. (1989). Infection of rabbits with human immunodeficiency
lead to AIDS-like immunodeficency as a consequence of virus 1: A small animal model for acquired immunodeficiency syn-
drome. J. Exp. Med. 169, 321–326.depletion of the CD4 T cell population.
Laurent-Crawford, A. G., Krust, B., Rivie´re, Y., Desgranges, C., Muller, S.,
Kieny, M. P., Dauguet, C., and Hovanessian, A. G. (1993). Membrane
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